Objective: The current study examined the effect of substance P (SP) upon intestinal epithelial cells and the mechanistic details of this interaction. Summary Background Data: Intestinal epithelial cells must be capable of migration to reseal mucosal wounds for several vital intestinal functions. This process is incompletely understood; however, recent evidence implicates the neurotransmitter SP in this process. Methods: Normal rat intestinal epithelial cells (IEC-6 cells) were studied to identify the presence of the SP receptor (NK-1 subtype) and then exposed to physiologic doses of SP and antagonists to assess for increased migration. Results: Examination IEC-6 cells revealed the presence of the SP receptor. Wounding of these cells followed by subsequent exposure to SP (10 Ϫ9 mol/L) resulted in increased migration. Similarly, SP-induced increases in intracellular calcium concentration and actomyosin stress fiber formation. These effects were all blocked through specific NK-1 receptor antagonists.
M aintenance of gastrointestinal mucosal integrity is vital for many intestinal functions, including digestion of food, absorption and secretion of nutrients, and expulsion of bacteria. Both surgical intervention and critical illness can lead to injury of the intestinal tract, particularly at the gastrointestinal mucosal layer. Superficial disruption of the in-testinal mucosa is a common feature of such injury. The intestinal epithelial cells must be capable of migration to reseal superficial wounds, a process labeled mucosal restitution. Mucosal restitution, which occurs rapidly (within minutes to hours) and does not require cell division, 1 is a complex phenomenon involving multiple cellular processes, including disassociation, dispersion, migration, and reorganization of the epithelial cells. The exact mechanisms regulating this response are poorly understood. The enteric nervous system (ENS) is the largest component of the peripheral nervous system and has been shown to play a critical role in nearly every branch of digestive physiology. 2, 3 Several disorders of gastrointestinal function have been shown to derive from miscommunications between enteric neurons and their target cells. 4 Similarly, significant intestinal inflammatory conditions have been shown to be associated with the loss of up to 50% of enteric neurons. 5 The innervation of intestinal villi has been well characterized in the last decade. Recent animal studies have shown that each individual villus contains an average of 72 neurons within it, 6 the majority of which demonstrate immunoreactivity for the neurotransmitter substance P (SP). 7 SP is an 11-amino acid peptide that acts as a tachykinin 8 and has profound effects on endothelial cells of nondigestive organs; it is a prototype neuropeptide released by sensory nerves. SP interacts with the neurokinin (NK) receptor family, which includes several subtypes (NK-1, NK-2, NK-3) of G-protein coupled receptors that are expressed by endothelial cells. The NK-1 receptor (NK-1R) has been identified to have the highest affinity for SP. In various studies, mostly involving dermal endothelial cells, SP has been shown to have a wide variety of cellular effects, including stimulation of Ca 2ϩ release, 8 alteration of endothelial cell shape, 8 induction of endothelial cells to produce NGF, 8, 9 potentiation of angiogenesis, 8 stimulation of endothelial and epithelial cell growth, 8, 10 augmentation of vascular endothelial permeability, 8 and induction of ICAM-1 and P-and E-selection formation. 11 SP is a common neurotransmitter in the ENS. Its role in modulating mucosal functions, however, remains unclear.
The aim of the current study was to characterize the effect of SP on intestinal epithelial cells (IEC-6 cell line) in epithelial migration. First, we determined the effect of SP on migration. Second, we demonstrated expression of NK1 protein and NK1R. Third, we determined the effect of SP on ͓Ca 2ϩ ͔ i and other downstream effects in intestinal epithelial cells through specific receptor interactions and analyzed whether these effects could be blocked with SP antagonism.
METHODS

Materials
The IEC-6 cell line was purchased from American Type Culture Collection (Rockville, MD). DMEM, heatinactivated FBS was obtained from GIBCO Biologic Research Laboratories Invitrogen-Life Technologies Incorporated (Rockville, MD). Fura-2 AM and rhodamine phalloidin were purchased from Molecular Probes (Eugene, OR). Rabbit polyclonal anti-NK1R IgG was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA), and rabbit polyclonal antinonmuscle myosin II was purchased from Biomedical Technologies (Stoughton, MA). SP and ionomycin were obtained from Sigma (St. Louis, MO).
Solutions and Reagents
All experiments were performed in standard solutions except where noted. Standard physiologic buffer (pH 7.40) contained the following (in mmol/L): NaCl 141, HEPES 10, glucose 10, KCl 4.7, CaCl 2 1.8, MgCl 2 1.2. For Ca 2ϩ -free experiments, CaCl 2 was removed from the buffer and replaced by MgCl 2 , and 0.1 mmol/L EGTA was added to chelate residual Ca 2ϩ in the solution.
Tissue Culture
The IEC-6 cell line, as characterized by Quaroni et al, 12 originated from normal rat intestinal crypt cells. They are nontumorigenic and have been shown 13 to retain characteristics of undifferentiated intestinal epithelial cells. The cell lines were purchased at passage 13 and used between passages 15-20. They were maintained as subconfluent monolayers in DMEM, supplemented with 5% FBS, 1% gentamicin, and 10 g/mL insulin. Cells were grown at 37°C and 10% CO 2, and the culture medium was changed every other day.
Loading and Cell Preparation for ͓Ca 2؉ ͔ i Imaging
The protocol for calcium imaging is detailed in our previous publications. 13 Briefly, cells were trypsinized and plated on 25-mm coverslips, which were incubated for 48 hours before calcium studies. Cultured cells were incubated at room temperature (22°C-24°C) in fresh culture medium that contained 2 to 3 mmol/L fura 2-AM for 30 to 40 minutes, following which the cells were washed of any excess extracellular dye. Fura-2 fluorescence (510 nm emission, 380 and 360 nm excitation) within individual cells was measured from individual cells with the use of a Nikon Diaphot microscope equipped for epifluorescence, and a Metamorph Imaging system (Universal Imaging) was used to acquire and analyze the resulting images and to determine ͓Ca 2ϩ ͔ i .
Cell Migration Assays
Cell migration assays were performed as reported previously. 14 Briefly, IEC-6 cells were plated on 60-mm dishes coated with Matrigel. They were maintained in DMEM and tested on day 4. The dishes were scraped with a razor blade, leaving a 7-to 10-mm vacant area into which the wounded cells could migrate. For each dish, cells were counted at 100ϫ magnification at 6 different 0.1-mm squares for the number of cells that migrated over a 6-hour period after wounding. Results were in triplicate and reported as number of cells migrated per millimeter scratch.
Myosin and Actin Immunohistochemical Staining
Myosin staining was performed as per the methods described in our prior work 14, 15 with minor changes. Briefly, IEC-6 cells were plated onto FALCON double-chamber slides and allowed to grow to confluence. The cells were scraped with a sterile pipette tip to produce 3 denuded lanes per well. The cell media was then removed and replaced with either control media or test media and allowed to incubate for 6. The media was removed, and the cells were washed with Dulbecco PBS (D-PBS) without calcium or magnesium and fixed with paraformaldehyde (4%) for 20 minutes. The cells were postfixed with ice-cold methanol for 5 minutes. The cells were rewashed with D-PBS, 3 times at 5 minutes per wash and then incubated 5 minutes in 3% hydrogen peroxide solution. The cells were then incubated overnight at 4°C with the rabbit antimyosin II IgG antibody. The cells were rewashed with D-PBS 3 times at 5 minutes each, and anti-rabbit IgG FITC conjugate applied for 1 hour at RT. After 3 washes with D-PBS, the slides were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) and examined under confocal microscopy. For the actin staining, cells were treated similarly, excepting that incubation occurred with 1:40 dilution of rhodamine-labeled phalloidin in PBS/BSA for 45 minutes at RT and then the cells were visualized under confocal microscopy.
NK1R Immunohistochemical Staining
Staining for NK1R was performed on IEC-6 cells similarly to above. After paraformaldehyde fixation, cells were washed 3 times for 5 minutes with 100 mmol/L glycine/ PBS and then permeabilized for 3 minutes with 0.2% Triton X-100/PBS. Cells were washed with PBS 3 times for 5 minutes and then incubated in 1% PBS/BSA for 30 minutes. The cells were then incubated with rabbit anti-NK1R polyclonal IgG for 1 hour and after washing in PBS, anti-rabbit IgG FITC conjugate was applied for 1 hour at RT. After 3 washes with D-PBS, the slides were mounted with Vectashield mounting medium (Vector Laboratories) and examined under confocal microscopy.
Western Blot Analysis
Cell samples, dissolved in ice-cold modified radioimmunoprecipitation (RIPA) buffer (1 ϫ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mmol/L PMSF, 1 g/mL aprotinin, 1 mmol/L sodium orthovanadate), were centrifuged at 14,000 rpm for 15 minutes at 4°C. The protein concentration of the supernatant was measured and then boiled for 5 minutes, and each lane was loaded with 20 g of protein equivalent and then subjected to electrophoresis on 12% acrylamide gels. Immunologic evaluation was performed overnight at 4°C in 5% nonfat dry milk/Tris-buffered saline-Tween 20 buffer containing specific antibody (polyclonal 
Statistical Analysis
Results are expressed as mean Ϯ SEM.
RESULTS
Effect of SP on Cell Migration
To determine whether SP increased cellular migration, IEC-6 cells were grown to confluence and wounded, and migration was assessed by measuring the cells that migrated into the wounded area over 6 hours. Cells were exposed to control media or SP-containing media during the 6 hours time period. We found that 10 Ϫ9 mol/L SP elicited a significant increase in cell migration, from 50 to 73 cells/mm (Fig. 1 ). SP induced significant increases versus control in migration through 10 Ϫ13 mol/L (data not shown), although 10 Ϫ9 mol/L was chosen as the optimal dose for the subsequent experiments.
Demonstration of NK1 Receptor in Intestinal Epithelial Cells (IEC-6)
Western blot analysis demonstrated that NK1 protein was present in IEC-6 cells. There was no change in NK1 protein expression in wounded versus unwounded cells ( Fig.  2A) . Immunohistochemical staining showed the NK1R was distributed evenly along the periphery of the cells (Fig. 2B ).
Effect of SP on ͓Ca 2؉ ͔ i in IEC-6 Cells
Our previous studies have shown that an elevation in cytosolic calcium is an important stimulus for epithelial cell migration after wounding. 16 For this study, we wished to FIGURE 1. SP increases cell migration in IEC-6 cells after wounding. Cells were wounded and exposed to control media and to media containing SP (10 Ϫ9 mol/L). A, Images of cell migration: a, control cells at wounding; b, 6 hours after wounding in control cells; c, 6 hours after wounding in SPtreated cells. B, Data summary for cell migration; values are reported as the means of cells/mm Ϯ SEM from 6 dishes. *P Ͻ 0.05 versus control.
FIGURE 2.
A, Immunoblots of IEC-6 proteins (20 g/lane) were exposed to anti-NK1 and anti-␤-actin antibodies. Cell lysates were harvested from control cells and were then sizefractionated on SDS-containing 12% polyacrylamide gels. NK1 protein (ϳ53 kDa) was identified by probing an anti-NK1 antibody. The blot was then stripped and similarly probed for ␤-actin (ϳ45 kDa) as an internal control for loading. B, IEC-6 cells demonstrating NK1R. Original magnification ϫ1000.
Turner et al
Annals of Surgery • Volume 245, Number 3, March 2007 demonstrate that SP induced a rise in the intracellular calcium concentration. IEC-6 cells were plated and exposed to physiologic doses of SP that at a dose of 10 Ϫ9 mol/L elevated the ͓Ca 2ϩ ͔ i in these cells (Fig. 3A) . Cells demonstrated a rapid rise in the calcium concentration that returned to baseline; cells were subsequently exposed to ionomycin 10 Ϫ6 mol/L as a positive control. Overall, for 225 cells that responded to ionomycin, 56.7% responded to SP with an elevation in ͓Ca 2ϩ ͔ i (Fig. 3B ). On average, cells had a measured basal ͓Ca 2ϩ ͔ i of 29 Ϯ 15 nmol/L, which after exposure to SP rose to a peak of 252 Ϯ 72 nmol/L (a net increase of 223 Ϯ 65 nmol/L).
Effect of SP on Distribution of Nonmuscle Myosin II and Actin
The coordinated movement of epithelial cells is a complex process that depends on the cytoskeleton, and changes in both the distribution and formation of the cytoskeleton alter the adhesion, spreading, and motility of the cells. We have previously reported that distributional changes in nonmuscle myosin II are associated with increased migration. 17 Additionally, SP has been shown previously to affect endothelial cell shape, 18 although the mechanism of this is not fully understood. To elucidate whether SP affected the distribution of actomyosin stress fibers, we examined this in the next group of studies.
Control and SP-treated cells were fixed and immunohistochemical stains performed for nonmuscle myosin II (Fig.  4) . In both groups, long stress fibers were seen to traverse the cytoplasm; blinded reviewers scored each group for its fiber quantity and intensity, and 66% of them found that the SP group (Fig. 4B ) was scored higher than the control group (Fig. 4A) in both quantity and intensity. We next examined whether SP affected the cellular actin distribution. Previous work from our group 14 found that migratory phenotype was associated with a disassembly of the heavy actin cortex of the cells and more pronounced long stress fibers traversing the cells. We found that the SP-treated cells (Fig. 5B ) similarly showed much more pronounced long stress fibers stretching across the cytoplasm; control cells showed lesser density to these stress fibers and a more pronounced actin cortex (Fig.  5A ). Blinded reviewers found this difference to be significantly greater in SP-treated cells in both quantity and intensity 50% of the time.
Effect of NK1 Receptor Antagonism on SP-Mediated Effects
To determine the specificity of the SP response, we examined whether the stimulatory effects of SP were diminished in the presence of the NK1R (SP receptor) antagonist (͓D-Arg1, D-Trp7,9, Leu11͔-SP). IEC-6 cells were again grown to confluence and wounded, and migration over 6 . SP affects the distribution of nonmuscle myosin II in IEC-6 cells after wounding. Cells were grown to confluence, fixed 6 hours after wounding, and first incubated with specific rabbit antibody to nonmuscle myosin II, then with FITC-conjugated anti-rabbit IgG. A, Control cells, 6 hours after wounding. B, Cells exposed to SP (10 Ϫ9 mol/L) for 6 hours after wounding. Original magnification ϫ1000.
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Substance P Mediates Intestinal Epithelial Migration hours was assessed. Cells were exposed to control media, SP-containing media, and SP-containing media that also contained the NK1R antagonist (10 Ϫ5 mol/L). We found that the increased migration induced by SP was blocked by NK1R antagonism (Fig. 6) . Repeat experiments with a separate inhibitor to the NK receptor showed similar results. We similarly examined the effects of (͓D-Arg1, D-Trp7,9, Leu11͔-SP) coincubation on SP-induced ͓Ca ϩ2 ͔ i in IEC-6 cells and found that the calcium response was abolished (data not shown).
DISCUSSION
These studies demonstrate that cultured rat intestinal epithelial cells express NK1R and that they respond to SP. Three observations support the latter contention: 1) SP induces increases in ͓Ca 2ϩ ͔ i that are blocked with coincubation with a NK1R, 2) SP induces stress fiber formation in wounded cells, and 3) SP increases migration of epithelial cells into the wounded area, an effect that is also blocked by NK1R. In the gastrointestinal system, there can be found both direct and indirect evidence of the involvement of SP in physiologic and pathologic states. SP has been extensively studied in pancreatic secretion and is a key regulator of secretin-and CCK-induced secretion. 12 SP expression is increased in the pathologic conditions of ulcerative colitis, Crohn's disease, and infectious Clostridium difficile colitis. 4,20 -22 In contrast, SP content in the bowel is decreased in both type I and type II diabetic patients. 23 Deficiency in the NK1R appears to decrease the toxic effects of C. difficile toxin A, 24 and antagonists of SP have shown some benefit in blocking secretory diarrhea. 25 Chamber studies on mucosal preparations have shown that SP alters membrane potential and induces specific patterns of ion secretion. 26, 27 Some early perfusion studies have also suggested that SP acts in a direct paracrine fashion. 28 Debate has focused on whether SP acts indirectly through enteric neural reflexes and other secondary mediators or whether it has a direct action upon target tissues.
Although the source of SP in the intestine is likely neuronal, the exact target tissues are unknown. Immunoreactivity has identified SP positive neurons throughout the enteric nervous plexuses 6, 7 and coursing in close apposition to the epithelial basement membrane. 29 The demonstrated effect of SP on endothelial and epithelial cells of several other organ systems led to investigations of SP on enterocytes. Importantly, human enterocytes have been shown by Goode et al 29, 30 to express NK1R via in situ hybridization techniques. Also, Cooke et al 31 demonstrated NK1R on guinea pig intestinal epithelial cells and found that the effects of the SP-induced electrophysiologic current could be blocked by specific NK1R antagonists. Recent evidence has also demonstrated NK1R on guinea pig small intestinal crypt epithelial cells 32 and primary rat intestinal epithelial cells; 31 subsequent work has revealed SP binding at these receptors.
Although these reports suggest a role for SP signaling via NK1R in the GI tract, NK1R are not ubiquitously expressed by enterocytes in all species, although, as mentioned above, several studies have detected NK1R on human intestinal epithelia, 29, 30 other groups have found their localization on the human epithelia to be sparse or nonexistent. 24, 26 Cell lines also vary greatly from no to high expression of NK1R. 18, 27 The cell line (IEC-6) has not been previously characterized in regard to NK1R expression, although SP has been shown to stimulate responses in IEC-6. 33 Our data are FIGURE 5. SP affects distribution of Factin in IEC-6 cells after wounding. Cells were grown to confluence, fixed 6 hours after wounding, and incubated with rhodamine phalloidin. A, Control cells, 6 hours after wounding. B, Cells exposed to SP (10 Ϫ9 mol/L) for 6 hours after wounding. Original magnification ϫ1000. the first to provide direct evidence of NK1R in the IEC-6, which is a non-neoplastic enterocyte cell line. It is also been reported that inflammatory conditions are associated with altered levels of NK1R, and it now appears that cytokines may actually induce or alter NK1R expression. Goode et al 29 recently examined several intestinal epithelial cell lines that did not express NK1 mRNA at baseline but that following exposure to a cytokine cocktail showed both NK1R and pronounced responses to SP. Thus, even species that do not demonstrate SP-responsiveness at baseline may develop it in pathologic states.
The presence of NK1R does not necessarily imply a functional role for SP. In addition to variable expression, there seem to be functional and conformational differences of NK1R. A recent publication reported the presence in the human colonic epithelial cell line Caco-2 of NK1R transcripts that lacked responsiveness to SP, leading to speculation that there are different levels of functionality of NK1R and that the particular cells in this study had nonfunctional receptors. 18 Another report supported this theory, noting significant response differences both to SP and to antagonists to the NK1R across species in vivo, possibly due to receptor heterogeneity. 25 The findings from the current study indicate that the IEC-6 cell line derived from normal rat intestinal epithelial cells does express NK1R in the absence of a cytokine challenge. That SP induces an increase in ͓Ca 2ϩ ͔ i is not entirely surprising because it has been shown to induce calcium fluxes in nondigestive cells of other systems, such as mast cells and keratinocytes. 11 Previous work from our laboratory 13, 14 has detailed several steps in the mechanisms of intestinal epithelial migration. While the entirety of the mechanistic detail is not complete for SP-induced migration, and that a causal link between the calcium elevation to migration has not been shown in this study, we have seen that cells that express higher ͓Ca 2ϩ ͔ i will also show differences in actomyosin stress fiber formation and ultimately in increased migration. 17
CONCLUSION
These findings show that SP increases cell migration via specific NK1R-mediated events. These in vitro studies suggest that SP may be a factor in mucosal restitution in vivo. While SP appears to contribute to restitution, it is unknown exactly how great a role it plays in either physiologic or pathologic states.
